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The recent phase sensitive measurements in the superconducting B-phase of UPt3 provide strong
evidence for the triplet, chiral kz(kx ± iky)2 pairing symmetries, which endow the Cooper pairs
with orbital angular momentum projections Lz = ±2 along the c-axis. In the absence of disorder
such pairing can support both line and point nodes, and both types of nodal quasiparticles exhibit
nontrivial topology in the momentum space. The point nodes, located at the intersections of the
closed Fermi surfaces with the c-axis, act as the double monopoles and the antimonopoles of the
Berry curvature, and generalize the notion of Weyl quasiparticles. Consequently, the B phase should
support an anomalous thermal Hall effect, the polar Kerr effect, in addition to the protected Fermi
arcs on the (1,0,0) and the (0,1,0) surfaces. The line node at the Fermi surface equator acts as a
vortex loop in the momentum space and gives rise to the zero energy, dispersionless Andreev bound
states on the (0,0,1) surface. At the transition from the B-phase to the A-phase, the time reversal
symmetry is restored, and only the line node survives inside the A-phase. As both line and double-
Weyl point nodes possess linearly vanishing density of states, we show that weak disorder acts as
a marginally relevant perturbation. Consequently, an infinitesimal amount of disorder destroys the
ballistic quasiparticle pole, while giving rise to a diffusive phase with a finite density of states at
the zero energy. The resulting diffusive phase exhibits T -linear specific heat, and an anomalous
thermal Hall effect. We predict that the low temperature thermodynamic and transport properties
display a crossover between a ballistic thermal Hall semimetal and a diffusive thermal Hall metal.
By contrast, the diffusive phase obtained from a time-reversal invariant pairing exhibits only the T
linear specific heat without any anomalous thermal Hall effect.
PACS numbers: 03.65.Vf, 74.20.-z, 74.20.Rp, 74.70.Tx
I. INTRODUCTION
Topological states of matter are usually characterized
as fully gapped insulating or superconducting states in
the bulk with gapless excitations on the surface. Recently
it has been recognized that gapless systems can also pos-
sess nontrivial momentum space topology and protected
surface states1–5. Being gapless in the bulk, these states
fall outside the classification scheme of the gapped topo-
logical insulating and superconducting states6–8. Some
interesting examples of such gapless systems in three
dimensions are semimetallic phases, where two non-
degenerate energy bands touch either at isolated point
nodes or Weyl points1,2, or along a line node3–5. These
systems constitute intriguing examples of fermionic quan-
tum critical systems9 (power law behaviors of thermo-
dynamic quantities) with nontrivial momentum space
topology.
The quasiparticles possess linear dispersion in the
vicinity of the Weyl points, and in particular the Weyl
points act as the monopoles and anti-monopoles of unit
strength of the Berry curvature, and the topological in-
variant for these systems is determined by the strength
of the (anti)monopoles (±1), which also determines the
chirality or the handedness of the quasiparticles. In the
presence of translational invariance, Weyl fermions are
topologically protected, in the sense that they can only
be eliminated when a pair of such point nodes with op-
posite handedness (chirality) merge in momentum space
due to the tuning of some external parameter2. A number
of systems have been recently shown1,2,10–20 to support
massless Weyl fermions (in either semi-metal or super-
conducting phases) as the bulk low energy excitations,
and the associated topologically protected zero-energy
surface states in the form of open Fermi/Majorana arcs.
There are also interesting proposals for systems which
can exhibit line nodes in the bulk and dispersionless zero-
energy bound states on the surface4,5,20.
However, these gapless systems are yet to be exper-
imentally realized, the only exception being the Weyl
fermions around the Fermi surface poles in the A-phase
of 3He [2]. Therefore, it behooves us to identify promis-
ing experimental systems for realizing gapless topolog-
ical states of matter. In this direction, gapless super-
conducting systems are expected to play an important
role. In particular the charge conjugation symmetry of
superconductor guarantees that the chemical potential of
the nodal excitations is exactly tuned at the band touch-
ing points or lines. In a recent paper [20], one of us
has argued that the uranium based unconventional su-
perconductors with both line and point nodes can serve
as multi-functional systems. Motivated by this, we criti-
cally examine the nodal topology of the superconducting
B phase of the heavy-fermion compound UPt3. Our main
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2findings are summarized below:
1. We show that the superconducting B phase of the
heavy-fermion compound UPt3 provides a spectac-
ular example of triplet, chiral f -wave pairing, which
supports a line node in the basal ab plane and dou-
ble Berry (anti)monopoles at the intersection of the
closed Fermi surfaces with the c-axis. We demon-
strate that the line node acts as a vortex loop
in the momentum space, while the double Berry
monopole (of strength ±2) generalizes the notion
of the Weyl fermions (unit monopoles) to double
Majorana–Weyl fermions.
2. The line node is expected to give rise to disper-
sionless, zero-energy surface Andreev bound states
(SABS) on the (0, 0, 1) surface. On the other
hand, the double monopoles give rise to two pro-
tected Fermi arcs on the (1, 0, 0) and (0, 1, 0) sur-
faces, which are bounded by the images of the
monopole and the antimonopole on the surface
Brillouin zone. In the absence of disorder, the bal-
listic double Majorana–Weyl fermions give rise to
a large anomalous thermal Hall conductivity κcxy ∼
10−3WK−1m−1, which is measurable with conven-
tional experimental set up. We also predict a topo-
logical phase transition between the A and the B
phase.
3. Finally, we consider the effects of weak disorder
on the nodal quasiparticles. Both types of nodal
quasiparticles possess linearly vanishing density of
states D() ∝ . Consequently, weak disorder acts
as a marginally relevant perturbation that gives
rise to a finite density of states at zero energy. In
this process, weak disorder vanquishes the ballis-
tic quasiparticle poles. Therefore, the line node
and the double-Weyl point nodes become unstable
against an infinitesimal amount of disorder, which
converts the topological semimetallic phase of the
BCS quasiparticles into a diffusive phase. Imme-
diately below the transition temperature, the spe-
cific hxeat varies as T 2 (due to the linear density
of states associated with ballistic excitations) and
eventually crosses over to Cv ∼ T (characteristic
of a diffusive phase). Due to the broken time re-
versal symmetry, the diffusive phase still supports
anomalous thermal Hall effect. We argue that the
value of κxy in this diffusive metal is comparable to
that in the ballistic double Majorana–Weyl regime,
for smooth disorder that does not cause apprecia-
ble backscattering between two nodes of opposite
chirality. By contrast, the diffusive phase emerging
from of a time-reversal invariant A-phase with line
nodes does not support anomalous thermal Hall ef-
fect, even though it shows the crossover behavior
for the specific heat similar to the B-phase.
The manuscript is organized as follows. In Sec. II,
we review the pertinent experimental results for the B
phase. In Sec. III we describe the bulk topological invari-
ants associated with the nodal quasiparticles. In Sec. IV
we consider the bulk–boundary correspondence and the
two different types of surface Andreev bound states lo-
calized on (0, 0, 1) and (1, 0, 0) surfaces, which are related
to the topological invariants of the line and point nodes,
respectively. In Sec. V we show how the Berry curvature
of the double Majorana–Weyl quasiparticles gives rise to
a large anomalous thermal Hall conductivity, and provide
an order of magnitude estimate of κxy. The summary of
the main results and a discussion of the relevant effects of
weak quenched disorder on the nodal excitations are pro-
vided in Sec. VI. The explicit calculations of the surface
Andreev bound states on (0, 0, 1) and (1, 0, 0) surfaces are
presented in Appendix A and Appendix B respectively.
II. PHENOMENOLOGY OF THE B-PHASE
The heavy fermion compound UPt3 is one of the best
studied and most convincing candidates for the nodal
superconductivity. The power-law temperature depen-
dence of the ultrasonic attenuation21, the NMR relax-
ation rate (T−11 ∼ T 3)22, magnetic field penetration
depth23 and thermal conductivity24 suggest the exis-
tence of nodal excitations with density of states (DOS)
D() ∝ . The linear in energy DOS is also supported
by the magnetic field dependence of the specific heat
C ∝ √H25. It has been realized early on that the su-
perconducting order parameter satisfying this require-
ment must belong to either the pseudospin-singlet E2g
26
or the pseudospin-triplet E2u
27,28 irreducible representa-
tion of the hexagonal D6h point group. Early attempts
to unambiguously discriminate between these two possi-
bilities based on existing measurements proved inconclu-
sive29–31. If however one takes into account the evidence
from NMR Knight shift measurements32,33 in favor of
spin-triplet pairing, the natural choice is the E2u triplet
order parameter. Recently, this conjecture has received
strong support from the phase-sensitive Josephson inter-
ferometry34–36.
The E2u pseudospin-triplet order parameter is char-
acterized by two basis functions, ∆1,k ∼ kz(k2x − k2y)
and ∆2,k ∼ 2kzkxky multiplying the d-vector d ∝ zˆ.
The resulting f -wave order parameter is then given by
∆α,β(k) = ∆0(σz · iσ2)[η1∆1,k + iη2∆2,k], which is sim-
ilar to the polar phase of 3He, but with the additional
(kx, ky)-dependence of the pairing wavefunctions encoded
in ∆1/2,k. The choice of the coefficients η1 and η2 in
the above expression for ∆(k) is determined by energetic
considerations, and in zero external magnetic field, two
different phases are realized: the A-phase with η2 = 0
is stable at high temperatures (TBc <T <Tc = 550 mK)
and the low-temperature B-phase with η2 = η1 is real-
ized at T < TBc = 500 mK. The latter choice results in
the pairing wavefunction ∆B(k) ∼ kz(kx+ iky)2 which is
time reversal symmetry breaking, chiral pairing and has
U(1) axial symmetry. The pairing wavefunction can be
3expressed in terms of spherical harmonics. We find that
∆A(k) ∼ (Y +23 + Y −23 ), i.e. the A-phase has zero net
orbital momentum, Lz = 0. By contrast, the B-phase,
∆B(k) ∼ Y +22 · Y 01 ∝ Y +23 is characterized by non-zero
orbital momentum Lz=+2.
The nature of chiral pairing in the B phase has been
confirmed by the Josephson interferometry in a corner-
junction setup34, demonstrating a phase shift pi of the
pairing wavefunction upon the 90◦ rotation about the
c-axis. Both the A and B phase possess gapless line
nodes at the equator kz = 0, consistent with NMR and
thermal conductivity data22,24. However only the low-
temperature B phase has point nodes at the intersections
of the Fermi surfaces with the c axis. The A-phase, on
the other hand, has additional line nodes at kx = ±ky35.
The E2u gap symmetry deduced from phase-sensitive
measurements34 has been challenged in Refs. [39–41],
based on the field angle-dependent thermal conductiv-
ity measurements, instead proposing a planar E1u gap
symmetry: d1u ∼ (yˆkx + zˆky)(5k2z − 1). We argue
that the two scenarios can be distinguished based on
the time reversal symmetry (TRS) breaking signature:
the E2u phase obviously breaks TRS whereas the planar
E1u phase does not. Experimentally, TRS in B phase
was first indicated43 by the muon spin resonance (µSR)
measurements44. Very recently, the same conclusion was
reached by the observation of a field-trainable polar Kerr
effect, which is only present in the B phase but disap-
pears in the A phase46. It has also been confirmed that
the polar Kerr effect is not related to the presence of a
small antiferromagnetic moment in the basal ab plane.
Together, Josephson interferometry and the polar Kerr
effect measurements provide compelling evidence in favor
of the chiral E2u state
47. We note that very recently, af-
ter this manuscript was submitted, an alternative “chiral
E1u” scenario has been proposed
42, characterized by the
d-vector dchiral1u ∼ zˆ(kx+iky)(5k2z−1). Such a chiral E1u
order parameter would be consistent with the observed
TRS breaking, although it contradicts the Josephson in-
terferometry results34.
III. TOPOLOGICAL INVARIANTS IN THE
BULK
After defining the Nambu spinor Ψ†k =
(c∗k,↑, c−k,↓, c
∗
k,↓, c−k,↑), the reduced BCS Hamilto-
nian for Sz = 0 triplet pairing acquires the following
block-diagonal form
Hˆk = hˆk ⊗ σ0 = Nk · τˆ ⊗ σ0, (1)
where Nk = (Re(dz), Im(dz), ξk), τˆi are Pauli matrices
acting in Nambu space, and σ0 is the unity matrix in
the spin space. For a simplified discussion of the topo-
logical properties of the nodal excitations, we assume a
parabolic dispersion ξk = k
2/(2M) − µ, with Re(dz) =
∆0/(k
3
F )kz(k
2
x − k2y), and Im(dz) = 2∆0/(k3F )kxkykz,
without the loss of generality. This chiral f -wave pairing
supports a line node along the Fermi surface equator in
the ab plane described by k = (kF cosφk, kF sinφk, 0),
where 0 ≤ φk=arctan(ky/kx) ≤ 2pi is the azimuthal an-
gle. In addition, there are two point nodes at the poles of
the Fermi surface intersecting the c-axis: k = (0, 0,±kF ).
Both types of nodal excitations can be classified in terms
of appropriate topological invariants in the following way.
The Bloch wavefunction of the BCS quasiparticle
changes sign when encircling the line node along a closed
loop, and consequently the line node acts as a vor-
tex loop in the momentum space3–5. In order to de-
scribe the topological invariant for the nodal ring, we
first note that the BCS Hamiltonian possesses a spec-
tral symmetry with respect to the unitary transformation
Uk = (− sin 2φkτ1 +cos 2φkτ2), i.e., {Uk, hˆk} = 0. Due to
this symmetry, if ψk is a wavefunction of energy E, Ukψk
becomes the wavefunction with energy −E. With the
help of this unitary matrix, we can define the following
topological invariant for the line node
NL = − 1
4pii
∮
L
dl Tr
[Ukh−1k ∂lhk] , (2)
where dl is the line element along a closed loop L encir-
cling the nodal line. After an explicit calculation follow-
ing Ref. 20 we obtain NL = 1. However, we note that
the topological invariant of the line node does not de-
pend on the angular momentum Lz of the Cooper pair.
For this reason, even when the pairing amplitude is real
(Im(dz) = 0) in the A phase, we can adopt a similar defi-
nition for the NL, after identifying the spectral symmetry
matrix to τ2. Due to this nontrivial topological property
of the line node, we expect the existence of zero-energy
surface Andreev bound states on the (0, 0, 1) surface in
both the A and B phases of UPt3.
By contrast, the topological invariant of the point
nodes depends on Lz. For the Bloch wavefunctions ψk,n
of hˆk, where n = ±1 is the band index, there exists a
fictitious vector potential Ak,n = i〈ψk,n|∇k|ψk,n〉. The
gauge-invariant field strengths or the Berry curvatures
are defined as
Ωk,n,a = ∇k×Ak,n = (−1)
n
4
abc nk ·
[
∂nk
∂kb
× ∂nk
∂kc
]
. (3)
For Lz = 2 state, the explicit expressions for the three
components of Ωk,n,a are given by
Ωk,n,x=
(−1)n+1sgn(Lz) ∆20 kzkxk2⊥(k2z − k2⊥ + k2F )
µ2k2F
[
(k2 − k2F )2 + ∆
2
0
µ2k2F
k2zk
4
⊥
] 3
2
(4)
Ωk,n,y=
(−1)n+1sgn(Lz) ∆20 kzkyk2⊥(k2z − k2⊥ + k2F )
µ2k2F
[
(k2 − k2F )2 + ∆
2
0
µ2k2F
k2zk
4
⊥
] 3
2
(5)
Ωk,n,z=
(−1)n+1sgn(Lz) 2∆20 k2zk2⊥(k2z − k2F )
µ2k2F
[
(k2 − k2F )2 + ∆
2
0
µ2k2F
k2zk
4
⊥
] 3
2
. (6)
Notice that Ωk,n,x and Ωk,n,y are odd functions of their
arguments. As a result, the number of field lines coming
4(a) (b)
kz
ky
FIG. 1. (Color online) (a) A vector-field plot of the quasiparticle’s Berry curvature Ωk,z for ∆k = ∆0kz(kx − iky)2/k3F . The
point nodes at kz = ±kF appear as the double (anti)monopole of the Berry curvature. The Berry curvature is diminished at
the equator kz = 0, due to the presence of the line node. (b) Sketch of the (spherical) Fermi surface with projection onto the
(100)-surface Brillouin zone, showing the double-Weyl points at kz = ±kF connected by two Andreev surface arcs.
in and out of the ca or the cb planes are equal, and there is
no net flux through the ca and the cb planes. In contrast,
Ωk,n,z in Eq. (6) is an even function of its arguments, and
the flux through the ab plane as a function of kz equals
ΦΩ(kz) =
∫
d2k⊥Ωk,n,z = 2pi C(kz) (7)
where C(kz) is the Chern number for the effective two-
dimensional problem for a fixed kz. For a given value of
−kF<kz<kF (provided kz 6=0), hˆk describes an effective
two-dimensional problem with fully gapped weak/BCS
pairing and an effective chemical potential µ˜ = µ −
k2z/(2M), which leads to C(kz) = Lz. For k2z > k2F , the
effective chemical potential of the two-dimensional prob-
lem becomes negative, and describes topologically trivial
BEC pairing, as C(kz) vanishes. Therefore, point nodes
kz = ±kF act as the monopoles and antimonopoles of the
Berry curvature of strength Lz, and the flux through a
sphere surrounding the (anti)monopole is equal to ±Lz.
Thus the topological invariant of the nodal points is pre-
cisely determined by the Cooper pairs’s angular momen-
tum projection Lz along the c-axis. We have plotted the
Berry curvature for Lz = −2 pairing and n = +1 band in
Fig. 1a, which captures all the salient features described
above. For Lz = +2, the monopole and the antimonopole
swap places. By expanding hˆk for Lz = −2 around the
point nodes we obtain the low energy Hamiltonians
hˆR/L = ±vF (kz ∓ kF )τˆ3 ± ∆0
k2F
(
(k2x − k2y)τˆ1 + 2kxky τˆ2
)
,
(8)
for the double (anti)monopole. The low energy excita-
tions around the point nodes possess linear dispersion
along the c axis and quadratic dispersion in the ab plane.
This anisotropic dispersion leads to the linear density
of states D() ∝ . The nontrivial Chern number for
−kF <kz<kF (and kz 6= 0) is responsible for giving rise
to the current carrying, chiral Andreev bound states on
the (1, 0, 0) and the (0, 1, 0) surfaces, and many exotic
chiral transport properties to be discussed below.
IV. SURFACE ANDREEV BOUND STATES
As mentioned above, the bulk invariant Lz = 2 for the
point nodes has already been determined by the Joseph-
son interferometry measurements34. However surface-
sensitive techniques, such as ARPES and Fourier trans-
formed STM, can provide more direct information about
the topological surface states, tied to the existence of the
two types of bulk topological invariants. For this reason,
we now consider the different types of surface Andreev
bound states arising from the line and the point nodes.
We first describe the zero-energy bound states due to
the existence of the line node on the (0, 0, 1) surface. We
consider a semi-infinite sample, such that z < 0 and z > 0
regions are occupied by the superconductor and the vac-
uum, respectively. Since kx and ky are good quantum
numbers, the zero-energy bound states satisfy the dif-
ferential equations hˆ(kx, ky,−i∂z)ψ(k⊥, z) = 0, and the
boundary conditions ψ(z = 0) = ψ(z → −∞) = 0. We
have already noted that the presence of a spectral sym-
metry with respect to the matrix Uk (independent of kz),
which continues to be valid even after the replacement
kz → −i∂z. For this reason, the zero-energy bound states
need to be eigenstates of Uk with eigenvalue +1 or −1.
5Actually, there is an index theorem2,51,52
〈ψ|Uk|ψ〉 = n+ − n− = NL(z = −∞)−NL(z = +∞),
(9)
where n± respectively represent the number of zero en-
ergy states with eigenvalues ±1. This index theorem
guarantees the existence of the zero energy surface states
between the topologically trivial and non-trivial regions
and succinctly describes the bulk-boundary correspon-
dence. An explicit calculation detailed in Appendix A,
shows that n+ = 1 and n− = 0 for the normalizable
zero-energy bound state, for any k⊥ < kF . Therefore,
the zero-energy surface states produce an image of the
Fermi surface equator in the ab plane. Being dispersion-
less, these zero-energy states result in a divergent density
of states, and are predicted to give rise to a zero bias peak
in tunneling measurements. These zero modes are Majo-
rana fermions, of which there are two copies, arising from
the twofold spin degeneracy of the pairing interaction in
Eq. (1). Any perturbation mixing the two spins will lead
to the hybridization of these two Majorana modes. It is
also important to note that a Zeeman interaction always
gaps out these surface states. Therefore, a comparative
study of the STM measurements on the (1, 0, 0) surface
with and without a magnetic field may provide direct ev-
idence of the line node in the ab plane. In the presence of
spin-orbit coupling, these zero energy surface states can
also be eliminated by the surface Rashba coupling38.
The presence of the nontrivial Chern number C(kz) =
Lz = ±2 for |kz| < kF (except at the nodes), guarantees
the existence of two chiral edge modes (often referred to
as “Fermi arcs”) for the effective two dimensional prob-
lem, obtained by fixing kz. Generally, we predict the
number of the chiral surface Fermi arcs to be equal to
Lz, generalizing the case of Weyl fermions in Ref. 1 to
Lz > 1. In the surface Brillouin zones of (1, 0, 0) and
(0, 1, 0) surfaces, these chiral Andreev bound states only
exist for |kz| < kF and kz 6= 0. After an explicit calcu-
lation for the SABS on the (1, 0, 0) surface for Lz = −2
pairing, as detailed in Appendix B, we obtain two Fermi
arcs with
√
2ky = ±
√
k2F − k2z plotted schematically in
Fig. 1b. These SABS are two-fold degenerate, chirally
dispersing (along the y direction) Majorana fermions,
which can be directly probed by Fourier transformed
STM measurements. The number of Fermi arcs deter-
mined from STM also provides a check of the underly-
ing angular momentum Lz. These chiral surface states
also carry current, which in principle can be measured
by SQUID microscopy53.
We note in passing that the recently proposed
alternative gap symmetry scenario, the so-called
“chiral E1u” [42], is characterized by the d-vector
dchiral1u ∼ zˆ(kx + iky)(5k2z − 1), so it has Lz = ±1.
If indeed realized in the B-phase of UPt3, it would
have a monopole/antimonopole of unit strength at the
north/south pole of the Fermi surface and would fall into
the category of “Weyl superconductors”. Consequently,
it would have one chiral Fermi arc on the surface, as
opposed to two considered above. Therefore, if it were
possible to experimentally measure the number of the
chiral Andreev surface states in the B-phase of UPt3, it
would provide a conclusive resolution to the ongoing de-
bate about the kxy-dependence of the superconducting
order parameter.
V. ANOMALOUS THERMAL HALL
CONDUCTIVITY
The presence of Berry curvature and the chiral surface
states can lead to many interesting chiral transport prop-
erties and magnetoelectric effects for the B phase20,54–56.
Here we only consider the existence of a large anomalous
thermal Hall effect. The thermal Hall conductivity of the
chiral quasiparticles is determined by
κab = −k
2
BT
~
abc
∫
d3k
(2pi)3
Ωn,k,c
∫ ∞
En,k
dE E2
∂f(E)
∂E
,
(10)
which in the low temperature limit leads to κ0xy =
pi2k2BT
3h ×Lz ×
(
∆k
2pi
)
, where ∆k = 2kF is the distance be-
tween the double-Weyl points in momentum space. Since
κxy vanishes at T = 0 and T
B
c (due to restoration of time
reversal symmetry in the A phase), the maximum value
of κxy should occur at a model dependent temperature
0 < T < TBc . An explicit calculation using Eq. (10)
shows this temperature to be roughly TBc /2. The maxi-
mum value of κxy is of order
κcxy =
pi2k2BT
B
c
3h
× Lz ×
(
∆k
2pi
)
. (11)
As this equation shows, the thermal Hall effect is not
quantized, as expected in a metallic state, since it
depends on a non-universal distance ∆k between the
double-Weyl points. Nevertheless, the origin of this effect
is clearly topological, as κcxy is proportional to the Chern
number C(kz) = Lz. This may provide an additional
route towards verifying the symmetry of the supercon-
ducting order parameter in UPt3. Indeed, the E2u sym-
metry deduced from the phase-sensitive measurements34
requires Lz = 2, whereas the chiral E1u symmetry men-
tioned earlier has Lz = 1 [42].
It is instructive to estimate the magnitude of κxy from
Eq. (11). Substituting kF ∼ 109m−1 from the de Haas
van Alphen measurements59 and TBc ∼ 500 mK, we find
κcxy ∼ 10−3WK−1m−1, which is likely a lower bound on
κxy, as it can only increase after accounting for the mul-
tiple Fermi surface sheets (five for UPt3). This is a large
value for the intrinsic anomalous thermal Hall conductiv-
ity and can be easily measured with present experimental
accuracy60. Experimental verification of anomalous κxy
in the B phase will provide a smoking gun signature of
the underlying chiral pairing.
6VI. CONCLUSIONS
We have so far considered the exotic nodal topology of
the chiral f -wave pairing kz(kx ± iky)2. We have clearly
demonstrated that the line node and the double-Weyl
point nodes lead to similar thermodynamic properties,
as the density of states for both types of quasiparticles is
linear D() ∼ ||. We have identified how the bulk invari-
ants lead to different types of protected zero-energy An-
dreev bound states on (0, 0, 1) and (1, 0, 0) surfaces. Our
simple estimation of the anomalous thermal Hall conduc-
tivity shows that the double Majorana–Weyl fermions
possess a large κxy.
Finally, we discuss the effects of quenched disorder
on the stability of the nodal excitations. We will only
consider the random variation of the underlying Fermi
level of the normal state quasiparticles. If we calcu-
late the retarded self energy ΣR() by employing self-
consistent Born approximation, the imaginary part of the
self-energy or the scattering rate τ−1 at zero energy sat-
isfies
W
∫
d
ρ()
~2
τ2 + 
2
= 1, (12)
where W is the disorder coupling constant. After substi-
tuting the linear density of states, ρ() = A||Θ(Ec−||),
where Ec is the ultraviolet cutoff and A is a material-
dependent constant, we obtain
~
τ
= Ec exp
(
− 1
WA
)
. (13)
Therefore, weak disorder acts as a marginally relevant
perturbation. As a result, an infinitesimal amount of dis-
order gives rise to a finite density of states ∼ τ−1 at zero
energy, and destroys the ballistic quasiparticle pole at
zero energy. Consequently, infinitesimally weak disorder
destroys the topological properties of the line node and
the double-Weyl points for a thermodynamically large
system size. When || > ~/τ , the quasiparticles exhibit
ballistic behavior, and cross over to the diffusive behavior
below the energy scale ~/τ . By controlling the amount
of impurities, it is possible to substantially lower ~/τ ,
which is crucial for observing the exotic properties of the
ballistic nodal excitations in a real material.
A finite density of states at zero energy gives rise to a
T -linear specific heat for the diffusive phase. Hence, the
specific heat shows a crossover from the ballistic ∼ T 2
to a diffusive ∼ T linear behavior below T ∼ ~/(kBτ).
This holds even for a time-reversal invariant state with
only line nodes, such as in the A-phase of UPt3 (for
earlier work on such crossover effects due to impurities
in heavy fermion superconductors see Refs. 61 and 62).
However, due to the lack of time reversal symmetry
in the B-phase, the diffusive phase associated with
the chiral pairing also supports an anomalous Hall
effect. If the underlying disorder potential has a smooth
spatial variation, the backscattering effects between two
double-Weyl points can be extremely small, and our
estimate for κxy will remain valid. Only for short range
disorder, the backscattering effects are very strong and
our estimations will not be quantitatively reliable.
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Appendix A: Zero energy Andreev bound state on
the (0, 0, 1) surface
We are considering a boundary at z = 0, such that
z < 0 and z > 0 regions are respectively occupied by the
superconductor and the vacuum. The two component
spinor wave function ψT = (u, v) (for h(kx, ky,−i∂z))
for zero energy surface Andreev bound state satisfies the
following differential equations[(− ∂2z + k2⊥ − k2F)τ3 (A1)
− i∆0
µkF
k2⊥ (cos 2φkτ1 + sin 2φkτ2) ∂z
]
ψ(kx, ky, z) = 0,
and the boundary conditions ψ(z = 0) = ψ(z → −∞) =
0. Since, the zero energy wavefunctions are eigenstates
of Uk, we substitute
ψ±(x, y, z) = ei(kxx+kyy) F±(z)
(
e−
i
2 (φk±pi2 )
e
i
2 (φk±pi2 )
)
. (A2)
in Eq. (A1), and F±(z) ∼ eλ±z. This leads to the follow-
ing secular equations
λ2± ∓
∆0
µkF
k2⊥λ± − (k2⊥ − k2F ) = 0. (A3)
The secular equations have the following solutions
λ+,j =
∆0k
2
⊥
2µkF
+ (−1)j
√(
1 +
∆20k
2
⊥
4µ2k2F
k2⊥
)
− k2F (A4)
λ−,j = −∆0k
2
⊥
2µkF
+ (−1)j
√(
1 +
∆20k
2
⊥
4µ2k2F
k2⊥
)
− k2F ,(A5)
where j = 1, 2. The boundary condition ψ(z → −∞) = 0
can only be satisfied by ψ+(z) ∼ eλ+,jz, when k⊥ < kF ,
and k⊥ 6= 0. In order to satisfy the boundary condition
at z = 0, we require F+(z) = A1
∑
j(−1)j eλ+,jz, and
obtain
7F+(z) = Θ(−z)
∆0k2⊥
µkF
k2F − k2⊥
k2F −
(
1 +
∆20k
2
⊥
4µ2k2F
k2⊥
)
 12 exp [∆0k2⊥z
2µkF
]
sinh
[
z
√(
1 +
∆20k
2
⊥
4µ2k2F
k2⊥
)
− k2F
]
. (A6)
Appendix B: Chiral Andreev bound states on the
(1, 0, 0) and (0, 1, 0) surface
In this section we are considering a boundary in the
x-direction, such that x < 0 and x > 0 regions are re-
spectively occupied by the superconductor with Lz = −2
pairing and the vacuum. The two component spinor
wavefunction now satisfies the differential equations
[ (− ∂2x + k2y + k2z − k2F )τ3 − ∆0kzµkF (∂2x + k2y) τ1
−2i∆0kz
µkF
ky∂xτ2
]
ψ = 2mEψ, (B1)
and the boundary conditions ψ(0) = ψ(x → −∞) = 0.
We notice that −∂2x and ∂x respectively appear with the
matrices
(
τ3 +
∆0
µ τ1
)
and τ2. The calculation can be
simplified by rewriting
(−∂2x + k2y + k2z − k2F ) τ3 − ∆0kzµkF (∂2x + k2y) τ1
= a
(
τ3 +
∆0kz
µkF
τ1
)
+ b
(
τ1 − ∆0kz
µkF
τ3
)
, (B2)
where
a = −∂2x +
k2z + k
2
y(1−∆20k2z/µ2k2F )− k2F
1 + ∆20k
2
z/(µ
2k2F )
, (B3)
b =
∆0kz
µkF
k2F − k2z − 2k2y
1 + ∆20k
2
z/(µ
2k2F )
. (B4)
Notice that U3 =
(
τ1 − ∆0kzµkF τ3
)
anticommutes with the
Hamiltonian or the differential operator when b = 0, and
the zero energy states are thus protected by the spectral
symmetry with respect to U3. The zero energy states are
located at
ky = ± 1√
2
√
k2F − k2z , (B5)
and describe two spin degenerate Majorana–Fermi arcs.
The index theorem mandates the existence of two in-
dependent zero energy solutions (without taking into ac-
count the spin degeneracy), which are eigenstates of U3
with eigenvalues sgn(ky)×
√
1 + ∆20/µ
2. The differential
equations are now solved by following the strategy of the
previous subsection, and we obtain the following chiral
dispersion relation
E(ky, kz 6= 0) = − sgn(ky)∆0µ|kz|√
µ2k2F + ∆
2
0k
2
z
(
1− k
2
z
k2F
− 2k
2
y
k2F
)
.
(B6)
and from E(ky, kz 6=0) = 0, we recover the Fermi arcs.
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